We perform a detail analysis of two models for neutrino π + production via ∆ ++ excitation and conclude that Marteau model [1] althrough based on simplified dynamical assumptions leads to similar results as well established model based on modelling of nucleon-Delta transition current with several form-factors [2] .
Introduction
Future precise neutrino measurements e.g. of θ 13 require better understanding of neutrino-nucleus interactions in few GeV region [3] . In general, in description of neutrino-nucleon interaction vertex three processes are distinguished: quasielastic, single pion production (resonance excitation region) and more inelastic processes taken into account by the formalism of inclusive deep inelastic scattering. Weak single pion production is therefore a part of more complicated dynamics. It gives an important contribution to cross section in 1 GeV region and has to be treated with care. In the past it was a subject of many theoretical studies [4] . A sample of existing experimental data is not conclusive as measurements were made with a typical precision of 20-25% [5] . From a point of view of Monte Carlo simulation codes there seems to be a general agreement that Rein-Sehgal [6] model is most reliable. It includes contributions from 18 resonances with masses up to 2 GeV , their interference terms together with an important non-resonance background. Recent developments in quark-hadron duality suggest however that there is no need to consider so many resonances: contributions from most of them can be averaged over by suitably modified PDF's [7] . When reaction takes place on nuclear targets resonance contributions are additionally smeared out by Fermi motion. A conclusion is that probably only the ∆ excitation (with non-resonant background) has to be treated independently [8] .
One of generally accepted ways to describe ∆ excitation is to construct a current < ∆|J µ |N > with phenomenological form-factor constrained by CVC and PCAC arguments. There have been also attempts to calculate such form-factors from first principles in the framework of a quark model [9] . Of course a precision with which form-factors are known cannot be better then experimental uncertainties.
Few authors tried to discuss nuclear effects in single pion production in a framework of more systematic theoretical schemes. One of such models was developed by Marteau [1] . He calculated RPA corrections and finite volume effects. The model includes: Fermi gas, Pauli blocking, elementary 1p-1h, 1∆-1h and 2p-2h excitations and a modification of ∆ width in a nuclear matter.
Due to a lack of experimental data it is difficult to evaluate how successful the model is in describing nuclear effects. Certainly it is important to investigate its properties by performing comparisons with other better known approaches. A reason is that Marteau's model takes as its starting point rather simplified ∆ excitation dynamics. Thanks to these simplifications nuclear effects can be then discussed in a compact theoretical frame. In this paper we perform a comparison of Marteau model with the "standard" form-factor approach. Before inclusion of nuclear effects both models should agree with each other up to uncertainties of experimental data.
The models
A logic of the Marteau model can be understood if one starts from the differential cross section for quasielastic process ν µ n → µ − p in the Fermi gas model [10] :
(1)
′µ denote 4-momenta of: neutrino, charged lepton, target nucleon and outgoing nucleon. M and M ′ are masses of target and outgoing nucleons. In the case of quasielastic process they are taken as equal.
is energy and momentum transfer. L µν and H µν are leptonic and hadronic tensors:
F 1 , F 2 , G A and G P are standard form-factors [11] . Expressions for them are given for completness in the Appendix A. 3 . We assume nucleus of atomic number A to contain equal numbers of protons and neutrons.
In a good approximation (for a sake of this work this approximation is irrelevant as we will study reactions on free nucleons; we perform all the steps of computations starting from the Fermi gas in order to check normalization factors) in
µν we put p = 0 (thus p ′ = q) . The dependence on p factorizes and we define
The expression for the cross section takes form
In the original Marteau approach non-relativistic nucleon's kinematics is applied and ImΠ N −h (ω, q) is a Lindhard function, the particle-hole polarization tensor, an object which accounts for Fermi motion and Pauli blocking [12] (higher order corrections in p M are also considered in [1] ). In the limit p = 0 one can identify in H µν terms coming from different spin operators. In a frame in which q = (0, 0, q) we obtain expressions of the type:
All the definitions and remaining formulae are presented in the Appendix B. Marteau ∆ excitation model is defined by [13] : (i) substitution M ′ = M ∆ ; (ii) elimination of R c terms (spin operator is necessary to produce a particle of spin 3/2) from H µν -we call the new tensor H µν ; (iii) multiplication of form-factors by the numerical factor 4.78 = (
The factor 32 9
comes from summation over isospin and spin degrees of freedom,
Thus we obtain a formula for ∆ excitation cross section:
In the limit of k F → 0 (in this limit target nucleon is at rest and approximation used in evaluation of
and finally (after k F 's get properly cancelled)
where q cm (W ) is the pion momentum in ∆ (of mass W ) rest frame. Marteau model provides a prediction for an overall ∆ production i.e. for a sum over isospin degree of freedom. Without nuclear effects relative probabilities to produce isospin states is given by a ratio of Clebsh-Gordan coefficients. Thus for neutrino induced reaction the probability to produce ∆ ++ is three times the probability to produce ∆ + . In this paper we present a comparison for ∆ ++ production. It is because in the measurements of the invariant hadronic mass distribution for the process ν µ n → µ − pπ + there is a sharp resonance peak at W ∼ 1.2 GeV while in the channels
0 peaks are smeared up [5] . It is clear that correct description of last two channels requires an addition of non-resonant contribution or/and contributions from other resonances while in the first one ∆ ++ production cross section can be meaningfully compared with the data. Prediction for ∆ ++ production per nucleon is thus obtained by dividing (13) by
and by multiplying by the factor 3 4 . The final formula for ∆ ++ excitation cross section per proton in the Marteau model reads:
In what we call Form-Factor Model [2] one calculates the cross section in the standard way introducing Breit-Wigner resonance amplitude by a substitution
where W is an invariant mass of the resonance. In fact, in the limit Γ → 0 we get
. Straightforward computations leads then to the expression
In order to calculate H µν one introduces nucleon-∆ transition current [11]
Factor √ 3 is present in the current for ∆ ++ production. We use the form factors as described in the Appendix A.
A most common way to calculate
is to perform summation over spins using spin 1/2 and spin 3/2 projection operators. We calculate it in a different way in order to explore spin structure of N → ∆ transition operators and be able to make a comparison withH µν . We put as before p = 0 (target nucleon at rest) and q = (0, 0, q). The computation of H µν is described in detail in Appendix C.
Results
A comparison of the models is done for a free target nucleon because the existing experimental data applies to this situation. We compare total cross section in the energy range up to 5 GeV with data from [5] . We produce separately plots without bound on the invariant mass and with bound 1.4 GeV and 1.6 GeV as such experimental data is available. We make also a decomposition of the total cross section into two parts: "transverse" and "longitudinal" according to spin-isospin operators present in the hadronic current. In the Marteau model longitudinal operators are present only in H 00 , H 33 , H 03 and transverse only in H 11 , H 12 (in the frame q = (0, 0, q)). Therefore we define "longitudinal" and "transverse" parts as one coming from corresponding terms in L µν H µν . For two theoretical models we perform also a comparison of differential cross sections for neutrino energy of 1GeV and 2GeV in: invariant mass, energy transfer, Q 2 and in cos θ ∆ , an angle between incident neutrino and recoil ∆ momenta.
Our conclusions are as follows: i) For neutrino energy less then E ν = 5GeV ( fig. 1 ) Marteau model gives rise to higher values of cross section but both models agree roughly with the existing experimental data.
ii) At neutrino energy of about E ν = 5GeV Form-Factor Model cross section becomes greater and still increases slightly while the Marteau model cross section is approximately constant.
iii) With constraints on the value of invariant hadronic mass ( fig. 2, 3 ) both plots become similar in shape but Marteau model values of cross section are about 20% higher. iv) Ratio of contributions from "longitudinal" and "transverse" parts ( fig. 4 ) to the total cross section seem to be in two analyzed models similar. v) Invariant hadronic mass distributions ( fig. 5, 6 ) are very similar, the only major difference is in scale and comes from different values of the total cross section. For higher values of neutrino energy Form-Factor Model gives rise to non-negligable contribution from higher values of W . This is why cuts on invariant mass are more restrictive for that model. vi) Differential cross sections in energy transfer ( fig. 7, 8 ) and Q 2 ( fig. 9, 10 ) for both models are similar in shape and differ in scale. At neutrino energy of 2GeV ( fig. 8, 10 ) higher values of energy transfer and Q 2 contribute more significantly. There is a sudden drop of differential cross section in energy transfer at about ω = 0.7GeV for E ν = 1GeV ( fig. 7 ) and at about ω = 1.7GeV for E ν = 2GeV ( fig. 8 ) present in predictions of both models. The explanation is that for a given value of energy transfer ω the integration domain in momentum transfer q is
and at above mentioned values of ω and E the domain starts to decrease quickly (the first expression 12 ). The maxima are developed in both models (in the case of Form-Factor Model and E ν = 1GeV it is only hardly seen). For neutrino energy of E ν = 2GeV ( fig. 12) there is is also a second maximum at in the forward direction (cos θ ∆ = 1). The shape of differential cross-sections seems to have analogy in plots present in [14] .
Our final conclusion is that Marteau model dynamics for ∆ ++ excitation althrough very simplified leads to close to standard behaviour of π + production cross section and can serve as a reasonable starting point for more sophisticated nuclear physics computations. 
with
The choice of axial form-factors is also the standard one:
with 
(27)
(28) 
Appendix B
Expressions for the hadronic tensor
are obtained from non-relativistic decomposition of
For example we find [15] :
and φ's describe non-relativistic spinors.
After summation over spins in the frame q = (0, 0, q) we get expressions for the components of the hadronic tensor.
For j = 1, 2 we get
where
R c , R l , R t denote terms coming from three different spin operators: charge, longitudinal and transverse. In the final formula for the quasielastic process one puts R c = R l = R t = 1.
Appendix C
We use an explicit form of Rarita-Schwinger spinor [15] :
We obtain:
and (j = 1, 2)
, |s i > and |s ∆ > are spin 1/2 and 3/2 states, S † k are spin 1/2 to 3/2 transition operators i.e. matrices with 4 rows and 2 columns, σ l are Pauli matrices. A summation over spin states is done with a use of spin 3/2 projection operators Λ jk =
